INTRODUCTION
Ischemia causes rapid destruction of neurons and neuronal support structures in brain tissue. Anoxia immediately precipitates a cascade of events, resulting in neuronal and neuropil necrosis (1) . Minimally disruptive fixation is necessary to preserve tissue ultrastructure and morphology for examination by light and electron microscopy. Structural integrity decreases over time as RNA and proteins degrade in tissue samples. The preservation of RNA and protein requires immediate snap-freezing, perfusion, or immersion with normal saline (2) . The negative effects of fixatives and fixation on immunohistochemical detection of RNA and antigenic proteins have been extensively reviewed in the literature (3, 4) . A complete analysis of the ischemic cascade requires the preservation of ultrastructure as well as RNA and protein. We report a simple, minimally invasive method of fixation for the preservation of ultrastructure in the murine brain.
Currently, the recommended techniques for brain fixation require thoracotomy and direct cardiac perfusion with fixative solution under pressure (5-9). Fixation under pressure results in the swelling of the extravascular space and dilation of the ventricles (10 This report describes a technique for minimally invasive, in vivo brain perfusion that uses the beating heart to circulate the fixative and therefore approaches physiological conditions during fixation. The fixed murine brain can be harvested in less than 1 min. Light and electron microscopy confirm complete preservation of cellular ultrastructure.
MATERIALS AND METHODS
All research was conducted under an approved protocol of the New York University Institutional Animal Care and Use Committee. All procedures were performed in accordance with protocols approved by the New York University School of Medicine Institutional Animal Care and Use Committee and were carried out by trained personnel who continuously monitored the status of the animals. The mice were maintained in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. Fifteen male and female brown and white Swiss mice, with an average weight of 30 g, were studied. The technique described here represents a procedure developed by the authors from prior experimental studies of rodent stroke (12, 13) .
The mice are immobilized with inhalation (1.5% isoflurane) anesthesia supplied by a face mask connected to an anesthesia machine (VetEquip, Pleasanton, CA, USA). Anesthesia is administered continuously. The animals are maintained in a plane of surgical anesthesia (14) . A 27-gauge needle is affixed to a tuberculin syringe loaded with tissue fixative solution. The fixative solution is a mixture of 15% picric acid (1.3% saturated solution; Sigma, St. Louis, MO, USA (15) . The needle tip is percutaneously inserted into the left ventricle. The needle orientation must be perpendicular to the lateral chest wall (Figure 1 ). The needle is inserted at the junction between the anterior one-third and posterior two-thirds of the lateral chest wall, between 1 and 1.5 cm below the axilla. The needle depth must not exceed two-thirds of the distance between the lateral chest wall and the midline. The appearance of blood in the needle hub confirms the correct position of the needle tip. A 1-mL volume of fixative is injected over 30 s. The fixative mixture arrests cellular metabolic activity instantly. A more rapid injection can result in premature cardiac arrest, incomplete brain perfusion, and a large residue of red blood cells in the intracerebral arterioles. Residual blood may interfere with peroxidase or other immunocytochemistry techniques.
The brain is removed intact as follows: a vertical midline scalp incision extending from the level of the cervical-cranial junction to the tip of the nose is made with a no. 12 scalpel blade. The calvarium between the eyes is pierced with straight, fine scissors. The scissors blades are quickly opened, splitting the calvarium in the midline. The skull edges are retracted and the brain removed intact. The entire brain harvest can be achieved in under 60 s. The fixed brain is ready for further study. Further postperfusion immersion of the brain is unnecessary and the tissue can be processed immediately. If postperfusion immersion fixation of the specimen is necessary for delayed processing, the same mixture should be used without glutaraldehyde. Glutaraldehyde in the fixative mixture can cause excessive hardening of the tissue (16) .
RESULTS AND DISCUSSION
Proper tissue fixation was confirmed by light microscopy on 10 μm coronal sections that were stained with hematoxylin and eosin (H&E) ( Figure  2, A and B) and by standard immunohistochemistry with an anti-glial fibrillary acidic protein (anti-GFAP) antibody ( Figure 2C ). These sections were obtained from the mid-parietal murine brain.
The ventricles are normal in size as shown in the low-power H&E ( Figure  2A) . The high-power light microscopic examination demonstrates artifact-free fixation of the gray and white matter components neuropil, neurons, and glia ( Figure 2B ).
Histologic sections 50 μm thick were obtained with a vibratome (Vibratome Series 1000 Sectioning System; Vibratome, St. Louis, MO, USA). These sections were used for punch sampling of the brain ( Figure  3A) . The punched samples for electron microscopy were obtained with blunt needles. These unstained sections were photographed with a digital 8 MBix Olympus camera (Olympus America, Melville, NY, USA) with a Wild Heerbrugg M3 dissection microscope illuminated with both incident and a transmitted Fostec Ace ® 150 W Halogen light (Carl Zeiss, Thornwood, NY, USA).
Electron microscopy analysis requires accurate sample localization. 
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The tissue punch technique precisely identified the sample sites. In Figure  3B , the punched sample sites studied with electron microscopy are identified in black squares. Ultrastructural regions of interest from the punched samples are displayed in Figure 4 . Preservation of ultrastructure was confirmed by electron microscopy. The mitochondria, Golgi apparatus, endoplasmic reticulum, cytoplasmic and nuclear membranes, nucleus, and nucleolus are intact. There were no signs of early cellular necrosis, such as mitochondrial swelling, thickened cristae, and chromatin clumping (17) .
As shown in Figure 4 , transthoracic left ventricular cardiac injection results in artifact-free brain fixation in anesthetized mice. Successful implementation of this method requires: (i) accurate placement of the needle in the left ventricle and (ii) slow injection of fixative to prevent premature cardiac arrest before brain perfusion is complete. Alternate approaches to the left ventricle may result in inadvertent right ventricular injection. It is important to avoid the right ventricle to prevent premature death. Prefixation perfusion with saline and postfixation brain immersion are unnecessary. Injection of 1 mL of fixative over a 30-s interval results in complete brain fixation without artifact. This method allows immediate examination of acute, discrete ultrastructural changes in the brain.
